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DObjective: Systemic effects of carbon dioxide (CO2) insufflation during left-sided cardiac surgery were evalu-
ated in a prospective randomized study, with regard to acid–base status, gas exchange, cerebral hemodynamics,
and red blood cell morphology.
Methods: Twenty patients undergoing elective left-sided cardiac surgery were randomized to de-airing proce-
dure either by CO2 insufflation technique (CO2 group, n ¼ 10) or by Lund technique without CO2 insufflation
(Lund group, n¼ 10). Groups underwent assessment of acid–base status by intermittent arterial blood gases and
in-line blood gas monitoring. Capnography was used to determine volume of CO2 produced. Cerebral hemody-
namics was measured by transcranial Doppler sonography and near-infrared spectroscopy. Red cell morphology
from cardiotomy suction and vent tubing was studied by scanning electron microscopy.
Results: Patients in the CO2 group consequently developed significantly higher levels of hypercapniawith a con-
comitant increase in the volume of CO2 produced despite significantly higher oxygenator gas flows compared
with the Lund group. Effects on cerebral hemodynamics were observed in the CO2 group with significantly
higher blood flow velocities in the middle cerebral artery and higher regional cerebral saturation. Red blood
cell damage was observed in the CO2 group by scanning electron microscopy (97% in CO2 group vs 18% in
Lund group).
Conclusions: Insufflation of CO2 into the cardiothoracic wound cavity during left-sided cardiac surgery can in-
duce hypercapnic acidosis and increased cerebral blood flow and local blood cell damage. These systemic ef-
fects should be monitored by in-line capnography and acid–base measurements for early and effective
correction by increase in gas flows to the oxygenator. (J Thorac Cardiovasc Surg 2014;147:295-300)Insufflation of carbon dioxide (CO2) into the pericardial cav-
ity during left-sided cardiac surgery can reduce residual intra-
cardiac air and reduce the risk of air embolism.1-3 However,
reports have described development of hypercapnic acidosis
from CO2 insufflation.
2,4,5 Furthermore, hypercapnia by its
vasodilator effect is known to increase cerebral blood flow,6
which could contribute to increased risk of cerebral embo-
lism. Our group has previously described a technique for
de-airing (Lund technique) of the left heart that does not uti-
lize CO2.
7-9 In a prior prospective randomized study,9 we
compared the Lund technique to the CO2 insufflation tech-
nique, and observed significantly higher rates of air emboli
recorded by transesophageal echocardiography and micro-
embolic signals by transcranial Doppler sonography (TCD)
associated with CO2 insufflation.
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balance, gas exchange, cerebral hemodynamics, and red
blood cell morphology in the previously described prospec-
tive sample.9
MATERIALS AND METHODS
Study Population
Patients scheduled for elective open aortic surgery were considered for
study inclusion as previously described.9 Preoperative exclusion criteria
were a history of carotid artery disease, chronic obstructive pulmonary dis-
ease and emphysema, previous thoracic surgery, and patientswhowere being
considered for left internal thoracic artery harvesting. Intraoperative exclu-
sion criteria were accidental opening of the pleura during sternotomy in the
CO2 group, failure towean from the cardiopulmonary bypass (CPB), and fail-
ure to obtain adequate Doppler signals from the middle cerebral arteries.
Twenty consecutive patients were randomized to either the Lund de-airing
technique (Lundgroup, n¼10)or theCO2 insufflation technique (CO2group,
n¼ 10) during induction of anaesthesia by opening envelopes indicating de-
airing technique created from a computer generated randomization list. The
study was approved by the ethics committee of Lund University, Sweden,
and all included patients provided written informed consent. The study pro-
tocol was registered with ClinicalTrials.gov (identifier No. NCT00934596).
Operative Management
Patients were anaesthetized and monitored during surgery using stan-
dardized procedures, including intraoperative transesophageal echocardiog-
raphy. Patients were ventilated using a SERVO-i ventilator (Maquet Inc,
Solna, Sweden) equipped with a module for calculation of CO2 minute pro-
duction (Capnostat, Respironics Novametrix Inc, City, Conn). Surgery wasrdiovascular Surgery c Volume 147, Number 1 295
Abbreviations and Acronyms
CO2 ¼ carbon dioxide
CPB ¼ cardiopulmonary bypass
LV ¼ left ventricle
rSO2 ¼ regional cerebral oxygen saturation
SEM ¼ scanning electron microscopy
TCD ¼ transcranial Doppler sonography
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Dperformed using standard surgical technique. CPB was established using
a membrane oxygenator (Compact Flow EVO Phiso; Sorin Group, Miran-
dola, Italy), an arterial filter (Cobe Century; Sorin Group, Mirandola, Italy),
and polyvinylchloride tubing (silicone tubing in the pump heads). Roller
pumps (Stockert S3; Sorin Group GmbH,Munich, Germany) and a heat ex-
changer (T3; Sorin Group, Mirandola, Italy) were used in all patients.
CPB was maintained with a nonpulsatile blood flow rate of approximately
2.5 L/minute/m2 at normothermia. During CPB, patients were cooled to
25C-28C as measured in the urinary bladder or tympanic membrane de-
pending on whether the aortic arch was replaced or not, respectively. Ante-
grade cold blood cardioplegia was used for myocardial protection and the
left ventricle (LV) was vented through the apex in all patients using a 15F
Polystan LV drainage catheter (Maquet Inc, Solna, Sweden).
The Lund De-Airing Technique
The Lund de-airing technique has been described by us previously.7-9 It
comprises induced collapse of both lungs by opening the pleura bilaterally
and disconnection of the ventilator before opening the heart to prevent air
from entering the pulmonary veins, and a gradually staged cardiac filling
and lung ventilation before CPB weaning, to expel air trapped in the
pulmonary veins.
The CO2 Insufflation De-Airing Technique
In this group the pleural cavities were left intact. During CPB, patients
were ventilated with 1 L/minute, 5 breaths/minute, and positive end expira-
tory pressure 5 cmwater. Before cannulation for CPB, CO2 insufflation was
initiated with a gas diffuser placed in the cardiothoracic cavity (Cardia In-
novationAB, Stockholm, Sweden) according to themanufacturer’s instruc-
tions as follows.10 CO2 flow was set at 10 L/minute and continued until 10
minutes post-CPB. Following completion of the surgical procedure and
closure of the heart, the heart and lungs were passively filled, the heart
was massaged, and the left heart de-aired continuously through the LV
vent. Full ventilation was then resumed, and the aortic root was de-aired
by active suctioning with the LV vent clamped. The aortic crossclamp
was released and theLVvent opened again.After good cardiac contractions,
the LV preloadwas gradually increased by reducing the venous return to the
CPB circuit, and the de-airing continued through the vent in the LVapex un-
der transesophageal echocardiography monitoring. When no air emboli
were observed in the left atrium, LV, and aortic root, the drainage in the
LV was reduced and the heart was allowed to eject. De-airing was contin-
ued, and when no air emboli were observed in the left side of the heart,
the patients were weaned from CPB and the LV vent was clamped in situ.
Monitoring of Arterial Blood Gases and Gas
Dynamics
Arterial blood samples were drawn intermittently every 15 minutes for
analysis of blood gases (ABL800 FLEX; Radiometer, Copenhagen, Den-
mark). Temperature-corrected blood gases were used to facilitate alpha-stat
pHmanagement. In addition, pH andCO2 partial pressurewere continuously
monitored from the arterial line using an in-line blood gas monitor (CDI
Blood Parameter Monitoring System 500; Terumo Cardiovascular System,296 The Journal of Thoracic and Cardiovascular SurgAnn Arbor, Mich). CO2 partial pressure was targeted to 5.5 to 6.5 kPa for
both groups and the gas flow in the oxygenator readjusted when CO2 partial
pressure diverged from this interval. CO2 concentration at the gas outlet on
the oxygenator was measured using a capnograph (IRMA CO2; Phasein
AB, Danderyd, Sweden). CO2 minute production (VCO2 mL/min) from
the oxygenator was calculated as gas flow in the oxygenator multiplied by
the concentration of CO2 at the oxygenator gas outlet. Total volume of
CO2 in the CO2 group was thus the sum of CO2 from dead space ventilation
measured in the ventilator and CO2measured at the oxygenator gas outlet. In
the Lund group CO2 minute production was measured at the oxygenator gas
outlet only as the ventilator was disconnected during CPB. For clinical com-
parison an upper cut-off value at 60 minutes of CPB time was chosen for 2
reasons: (1) to retain adequate number of observations in both groups for sta-
tistical comparison, and (2) to permit comparison between the groups when
all patients are in cooling or early rewarming phase of surgery.
Arterial and mixed venous oxygen content in blood was calculated
according to the following formula:
Oxygen content mL=L ¼ Haemoglobin ðg=LÞ3 1:363 saturation ð%Þ=
100 þ 0:00313 oxygen tension ðkPaÞ
Oxygen consumption (VO2) was calculated according to the following
formula:
VO2 mL=min ¼ arteriovenous oxygen content difference3 pump flow
ðL=minÞ=100
Respiratory quotient (RQ) was calculated according to the formula:
RQ ¼ volume of CO2 ðmL=minÞ= VO2 ðmL=minÞ
TCD Monitoring
Middle cerebral arteries of both hemispheres were monitored continu-
ously for mean blood flow velocities using multifrequency TCD sonogra-
phy (Doppler box; DWL, Singen, Germany) beginning at the start of
surgery and continuing up to 10 minutes after weaning of CPB.11 The bi-
lateral probes were fixed transtemporally by head brace. The insonation
and reference gate depths were between 50 and 60 mm, sample volume
10 mm, power 180 mW, and gain 10.
Scanning Electron Microscopy (SEM)
At the conclusion of CPB in patients 4 and 5 from the CO2 group, clot
formation was suspected in the cardiotomy suction tubing close to the
pump head. However SEM imaging of the PVC tubings from these patients
showed no clot formation but varying degrees of damaged red blood cells.
Segments of the PVC cardiotomy suction and vent tubings immediately
proximal to the respective pump heads were consequently sent for SEM
study in the remaining 10 patients from both groups. Two 15-mm long sec-
tions from each tubing sample were fixed in 2% glutaraldehyde in Soren-
sen buffer at pH 7 for 2 hours. Each tubing segment was then cut in half
along the long axis and dehydrated in a series of graded ethanol concentra-
tions until a dry ethanol critical point drying was reached. Each section was
mounted on stub, sputtercoated with 20 nm gold and examined under a Phi-
lips 515 scanning electron microscope by 1 expert who was blinded to in-
tervention groups. All images were recorded at the same magnification.
Four representative images from each individual, 20 from each group,
were thus available for the comparative study. Five images from each group
were randomly selected for detailed calculation of the proportion of
damaged red blood cells in each image.
Statistical Analysis
The randomization list was generated using the Plan procedure in SAS
version 8.2 (SAS Institute, Cary, NC). Data were analysed using the statery c January 2014
TABLE 1. Patient characteristics
CO2 group
(n ¼ 10)
Lund group
(n ¼ 10)
P
value
Landenhed et al Acquired Cardiovascular Diseaseand Hmisc packages of R software (R Foundation for Statistical Comput-
ing, Vienna, Austria), version 2.6.0. Continuous parameters are unless oth-
erwise stated expressed as median and first and third quartiles. The
Wilcoxon signed-rank test was used for group comparisons.
Age (y) 71 (56-78) 70 (59-77) .942
Male/female 5/5 5/5
Body surface area (m2) 2.0 (1.76-2.16) 1.85 (1.76-2.06) .743
Original surgical procedures
Aortic valve replacement 6 (60%) 7 (70%)
Aortic valve repair 3 (30%) 1 (10%)
Bentall operation 1 (10%) 2 (20%)
Aortic arch replacement 1 (10%) 0
Cardiopulmonary bypass
time (min)
94 (84-154) 117 (105-135) .252
Aortic crossclamp time (min) 59 (52-88) 89 (77-108) .074
Postoperative ventilator time (h) 6 (4-7) 6 (4-8) .882
Intensive care unit stay (h) 22 (21-24) 21 (20-22) .293
Data are presented as mean (range) or n (%). CO2, Carbon dioxide.
TABLE 2. Calculated oxygen consumption and respiratory quotient
Time on CPB (min)
CO2 group
(n ¼ 10)
Lund group
(n ¼ 9) P value
Oxygen consumption (mL/min)
15 109.8 (72.9-134.5) 118.3 (77.4-52.6) .912
30 115.8 (77.0-120.5) 114.9 (76.6-139.6) .481
45 100.6 (84.5-150.9) 109.7 (91.4-151.2) .579
60 125.9 (97.2-137.4) 109.2 (101.9-151.5) .905
Respiratory quotient
15 0.78 (0.56-1.01) 0.52 (0.39-0.69) .065
30 1.01 (0.85-1.45) 0.44 (0.27-0.59) <.001
45 1.47 (1.29-1.66) 0.45 (0.27-0.66) <.001
60 1.47 (1.16-2.36) 0.61 (0.49-0.67) <.001
Continuous variables are presented as median (interquartile range). CPB, Cardiopul-
monary bypass; CO2, carbon dioxide.
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DRESULTS
Patient groups did not differ significantly in major preop-
erative characteristics (summarized in Table 1). All patients
survived the surgical procedure and were discharged from
the hospital in good clinical condition. One patient in the
CO2 group experienced transient aggravation of a paresis
of the right arm that was present preoperatively. One patient
from the Lund group experienced mild perioperative stroke
on day 2; symptoms regressed by discharge. The median
duration of CPB was 94 minutes in the CO2 group and
117 minutes in the Lund group. One patient in the Lund
group was excluded from calculation of CO2 volume and re-
spiratory quotient due to failure to obtain data from the gas
outlet on the oxygenator (Table 2).
There was no difference in CO2 partial pressure between
groups before institution of CPB (Figure 1). In the
CO2 group, CO2 partial pressure increased significantly at
15- and 30-minute intervals compared with the Lund group.
CO2 partial pressure, however, could be kept within the
targeted normal levels in the CO2 group at the expense of sig-
nificant increase in gas flows through the oxygenator at 30-,
45-, and 60-minute time intervals (Figure 1). At 45 minutes
the gas flow in the CO2 group was more than twice as high
as in the Lund group: 2.20 (1.63-3.10) versus 0.65 (0.60-
1.25) L/minute. Similarly, at 60 minutes the gas flow in the
CO2 group was 2.65 (1.78-3.38) L/minute compared with
the Lund group’s 0.80 (0.70-1.45) L/minute. There was no
difference in arterial blood pH between groups before initia-
tion of CPB. After initiation of CPB, pH decreased to signif-
icantly lower levels at 15-, 30-, and 45-minute time intervals
in the CO2 group (Figure 1). No significant difference in con-
centration of blood lactate was found between groups. In the
CO2 group the highest level of lactate during CPB was 1.1
mmol/L (0.9-1.6) at 60 minutes and in the Lund group it
was 1.0 mmol/L (0.6-1.2) at 45 minutes. CO2 volume during
CPBwas at all times higher in the CO2 group compared with
the Lund group (Figure 1). However, differences in CO2 vol-
ume between the groups were statistically significant at 30-,
45-, and 60-minute intervals only.At 60minutesCO2 volume
peaked in the CO2 group to 198.0 (152.0-229.0) mL/minute
compared with 69.6 (39.2-105.6) mL/minute in the Lund
group (Figure 1). In contrast, the amount of CO2 measured
from dead space in the ventilator was 4.5 (4.0-8.0) mL/min-
ute at 15 minutes, 5.0 (3.0-6.0) mL/minute at 30minutes, 5.0
(4.0-6.0) mL/minute at 45 minutes, and 5.0 (3.8-6.5) mL/
minute at 60-minute intervals in the CO2 group.
No significant difference in oxygen consumption was
found during CPB between the groups (Table 2). Fraction
of inspired oxygen administered during CPB was similarThe Journal of Thoracic and Cafor both groups at all intervals. In the CO2 group, the respi-
ratory quotient was significantly higher at 30-, 45-, and
60-minute intervals during CPB than in the Lund group
(Table 2).
Blood gas values obtained from intermittent sampling of
blood from the CPB circuit and the in-line blood gas mon-
itoring showed a common trend. No statistically significant
differences in CO2 partial pressure and pH measurements
were observed between the 2 methods at any time interval.
Blood flow velocity measured in the middle cerebral ar-
tery during CPB was higher bilaterally in the CO2 group
than in the Lund group (Figure 2). There was a significant
increase in velocity in both hemispheres in the CO2
group from 30 minutes on CPB (P < .01) until end of
CPB (P<.001) (Figure 2). In the right hemisphere, statisti-
cally significant differences were seen after 30 minutes on
CPB and onward in the CO2 group. In the left hemisphere
these differences were significantly different already at 15
minutes on CPB and onward. Regional cerebral oxygen sat-
uration (rSO2) is presented in absolute values (Figure 2). In
the CO2 group significantly higher rSO2 values wererdiovascular Surgery c Volume 147, Number 1 297
FIGURE 1. Arterial blood gases and extracorporeal gas dynamics before,
during, and at the end of cardiopulmonary bypass (CPB). Circles indicate
the carbon dioxide group, triangles indicate the Lund group. PaCO2,
Partial pressure of carbon dioxide; VCO2, volume of carbon dioxide pro-
duced. *P<.05; **P<.01; ***P<.001 for between-group comparisons.
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terminated when compared with the Lund group. No statis-
tically significant difference in hematocrit was found
between the 2 groups at corresponding time intervals.
The SEM images of the cardiotomy suction and LV vent
tubings showed a higher degree of red blood cell damage in
the CO2 group (Figure 3). This finding was consistent in the
final 5 patients in the CO2 group despite restricted use ofFIGURE 2. Cerebral hemodynamics measured by transcranial Doppler
(TCD) and regional cerebral oxygen saturation (rSO2) measured by near-
infrared spectroscopy before, during, and at end of cardiopulmonary
bypass (CPB). Circles indicate carbon dioxide group, triangles indicate
Lund group. *P<.05; **P<.01; ***P<.001 for between-group compar-
isons.
298 The Journal of Thoracic and Cardiovascular Surgcardiotomy suction in this group. The fraction of damaged
red cells in the CO2 group was 0.97 (0.64-1.0) compared
with 0.18 (0.11-0.30) in the Lund group. In both the groups
the activated clotting times and the heparin concentration
was within therapeutic limits throughout CPB.
DISCUSSION
In our study, CO2 insufflation of the operative field em-
ploying a standardized and recommended protocol induced
significant hypercapnic acidosis (Figure 1). This occurred
despite early and continuous correction by increased gas
flow to the oxygenator based on in-line monitoring of blood
gases (Figure 1). The increase in CO2 partial pressure cor-
roborates the observed concomitant increase in CO2 volume
in the CO2 group (Figure 1), which illustrates the effect of
CO2 insufflation on gas dynamics and indicates the neces-
sity to take early and effective compensatory action to avoid
acidosis. High arterial partial pressures of CO2 after insuf-
flation of CO2 in the operative field and the necessity of
compensational increases in oxygenator gas flows have
been described in several previous reports.2,4,5,12 During
CO2 insufflation, blood from the pericardium returning to
the CPB circuit by cardiotomy suction has a high CO2
content.1 Therefore, use of cardiotomy suction in this study
was restricted to aminimum.We consistently used a gas dif-
fuser that has been validated previously to provide a suffi-
cient concentration of CO2 in the wound cavity.
13
The use of a capnograph at the oxygenator gas outlet is
a simple adjuvant in controlling appropriate gas flows to
avoid adverse effects of CO2 insufflation.
12 Because the sys-
temic effects of CO2 insufflation seem to rapidly develop,
in-line monitoring constitutes an important complement or
alternative to conventional intermittent blood gas analysis.
Consistent with other reports,12 the gas flow through the ox-
ygenatorwas increased to nearly twice normal to prevent hy-
percarbic acidosis during CO2 insufflation. There were no
differences in oxygen consumption (Table 2) and concentra-
tion of lactate between the groups indicating no metabolic
component to the acidosis seen in the CO2 group. Also,
the contribution of CO2 from the bronchial circulation in
the CO2 group during CPB consisted only of a small fraction
of total CO2 volume, indicating that the increased CO2 vol-
ume derived from gas insufflation. The CPB time was simi-
lar between the groups and the aortic crossclamp time was
relatively shorter for the CO2 group (Table 1). The CO2
insufflation was, however, not terminated until 10 minutes
after the end of CPB, so the difference in aortic crossclamp
time would not have an influence on the difference in CO2
volume between groups.
Cerebral hemodynamics were affected by CO2 insuffla-
tion; the mean blood flow velocities in both middle cerebral
arteries were significantly higher in the CO2 group than in
the Lund group (Figure 2). This observation suggests that
the effect of CO2 insufflation on cerebral blood velocityery c January 2014
FIGURE 3. A, Scanning electron microscope pictures of the cardiotomy and/or left ventricular vent tubings showing morphology of the red blood cells in
the carbon dioxide group. B, Scanning electron microscope pictures of the cardiotomy and/or left ventricular vent tubings showing morphology of the red
blood cells in the Lund group. The fraction of damaged red cells in the carbon dioxide group was 0.97 compared with 0.18 in the Lund group.
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partial pressure is held within targeted limits by correspond-
ing increases in gas flow to the oxygenator. Increased veloc-
ities in the middle cerebral artery as measured by TCD,
could theoretically be caused by increased intracranial vas-
cular resistance, or by increased blood flow to the brain sec-
ondary to vasodilatation.14 In this study rSO2 increased
significantly during the entire period of CPB in the CO2
group (Figure 2), suggesting that the increased blood flow
velocity in the CO2 group is likely to result from a vasodila-
tor effect of CO2. This is consistent with the general under-
standing that CO2 has a vasodilating effect.
15,16 The effect
of CO2 insufflation on intracranial pressure was not
studied by us because methods to estimate intracranial
pressure from blood flow velocity as measured with TCD
are based on pulsatile flow and thus not applicable in our
study with continuous flow on CPB. In our study,
assessment of cerebral blood flow with the TCD
technique was not feasible because the diameter of the
middle cerebral artery was not known, and probably,
variable in size.11 Amongst possible methods for investiga-
tion of cerebral blood flow is Xenon-133 clearance, by
which a correlation of cerebral blood flow to cerebral blood
flow velocities has been reported during CPB,17 but the re-
lation between velocity and cerebral blood flow is weaker
during hypothermic CPB.18,19 In a previous report from
our group9 the amount of microembolic signals was signif-
icantly lower with the Lund technique compared with the
CO2 technique. However, compared with conventional de-
airing methods, other groups have described CO2 insuffla-
tion technique to be more effective.1,2 The rationale for
insufflation of CO2 is its greater solubility in blood than
air. Injected air emboli have, in animal models, been more
detrimental than CO2.
20 The finding of altered cerebral he-
modynamics in our study raised the concern that theThe Journal of Thoracic and Caprotective effects of CO2 insufflation potentially could be
counterbalanced, because a higher number of cerebral em-
boli, solid or gaseous, could access the cerebral circulation
on account of cerebral vasodilatation. The observation that
hypocapnia reduced the risk of cerebral embolization dur-
ing CPB in animal models21 could support this theory.
However, in minimally invasive open cardiac procedures,
CO2 insufflation may prove to be the better option because
manual de-airing is generally not possible. A vent is often
used in the pulmonary artery, where the contact of CO2 to
blood is minimized. It is unknown if systemic side effects
also can be induced by CO2 insufflation used for minimally
invasive procedures, but because the wound in minimally
invasive procedures is smaller, the corresponding lower
flow rates of CO2 insufflation could have the same potential
hazards as in conventional surgery.
The finding of a large number of damaged red blood cells
in the cardiotomy and vent suction tubing in the CO2 group
was not anticipated. This side effect in association with CO2
insufflation has not been reported so far in the English med-
ical literature to the best of our knowledge. From our study
it appears that this phenomenon does not seem to affect ox-
ygen consumption in a significant manner in patients under-
going left-sided cardiac surgery with relatively short
periods of CPB and aortic crossclamp times (Table 2). How-
ever, one should take this statement with caution because
our study was relatively small and not primarily aimed at
studying this accidental finding in detail.
The patient population in our study was limited. How-
ever, the results presented here are consistent in showing
that insufflation of CO2 into the cardiothoracic wound dur-
ing left-sided cardiac surgery can impose systemic side
effects that need to be compensated for in the oxygenator.
In-line monitoring of CO2 partial pressure is of importance
for early and effective compensation actions to prevent therdiovascular Surgery c Volume 147, Number 1 299
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tion of damaged red blood cells from inside the CPB circuit
tubing, and its potential clinical effects, needs to be further
investigated in a systematic manner in a separate study.References
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